Two cauliflower cultivars (cv.) (Flamenco and Verona) were treated with fungicides (boscalid (Cantus ® )) (0.3 g L -1 ), pyraclostrobin + fluxapyroxad (Orkestra ® SC) (0.3 mL L -1 ), metiram + pyraclostrobin (Cabrio ® Top) (3.0g L -1 ) and metiram + pyraclostrobin + boscalid (Cantus ® + Cabrio ® Top) in order to evaluate their chemical composition and their influence on post-harvest quality. The fungicides were applied during the seedling stage as well as 30 days before harvest. Freshly harvested inflorescences were analyzed at 3-day intervals for up to 12 days in storage (10 ± 2 °C and 92 ± 2 % RH) to verify the polyamine content, peroxidase and polyphenoloxidase activities and physicochemical attributes. All fungicides induced changes in polyamine metabolic pathways, resulting in increased levels of spermidine and spermine. These compounds may be related to the reduced activity of polyphenoloxidase and peroxidase and to cauliflower senescence. Pre-harvest application of metiram + pyraclostrobin + boscalid to cv. Flamenco and of fluxapyroxad + pyraclostrobin to cv. Verona were found to be the most efficient treatments for improving the commercial quality of cauliflower. No levels of the fungicides applied during the cultivation were detected in the post-harvest. The fungicides applied to the pre-harvest effectively prolong the storage time and visual quality of cauliflowers cv. Flamenco and cv. Verona.
Introduction
Plants exposed to stress (biotic or abiotic) may exhibit imbalances between the production and the scavenging of reactive oxygen species (ROS) . In order to decrease the ROS stress-induced, some molecules (antioxidants enzymatic and non-enzymatic) are produced as a mechanism of protection against adversities and contribute positively in the plant development, as well as, improving the post-harvest quality (Domínguez et al., 2012; Moschou et al., 2012) . On the other hand, the agrochemical industry has produced molecules to induce plant resistance against pathogens as a form of protection during the development and consequently in the post-harvest. Modifications in plant metabolism result in direct production or blockage of metabolites with antioxidant action. Polyamines can act as scavenging ROS, besides being related to the protein synthesis, DNA replication, morphogenesis (Sidana et al., 2015; Lima et al., 2017) , growth, cell proliferation, differentiation, programmed cell death (Szepesi et al., 2011) , xylem development, senescence (Moschou et al., 2012) , ionic balance, lignification and cellwall hardening (Amri and Shahsavar, 2010) . Polyamines can also act as pro-oxidants, producing H2O2 by the action of oxidases (diamine oxidase, DAO, EC 1.4.3.6 and polyamine oxidases, PAO, EC 1.5.3.3). Hydrogen peroxide is considered a ROS, and it is related to programmed cell death (Moschou et al., 2012; Sidana et al., 2015) . To reduce to possible oxidizing effects of hydrogen peroxide, enzymes such as peroxidase (POD; EC 1.11.1.7) can be induced by the increase in levels of peroxides. The polyphenoloxidase (PPO, EC 1.14.18.1) promotes the formation of quinones by oxidizing phenolic compounds (Huang et al., 2017) , and can have its activity affected by the levels of oxidants. Both enzymes (POD and PPO) are liberated in tissues disrupted during the harvest and storage post-harvest due to some process, such as mechanical damage, injuries, microorganism presence, among others. The impact of fungicides on systemic induced resistanceand how this resistance may influence the post-harvest quality of vegetables -is not well understood. Thus, new studies are necessary to assess how the application of agrochemicals to fields influences the post-harvest quality of vegetables during storage, especially vegetables with a short commercialization period, such as cauliflower, which is commercialized mainly in natura. Cauliflower is cultivated in large quantities due to its good financial return, high productivity and nutritional value as well as it being one of the most consumed vegetables in many countries. In this study, we evaluated whether the pre-harvest application of some fungicides influences antioxidant metabolism, specifically the levels of polyamines and POD and PPO activity in a cauliflower post-harvest.
Results and discussion

Residual fungicides
After harvest, the presence of the fungicides applied during the pre-harvest was not observed by Thin Layer Chromatography (TLC) analysis. However, we observed that there was a change in cauliflower metabolism (cv. Flamenco and cv. Verona), mainly in the polyamine content. Many studies have shown that some fungicides, such as boscalid, fluxapyroxad, pyraclostrobin and metiram applied in plants, have a half-life of 2.6 to 12.6 days. These compounds can dissipate rapidly after application and do not negatively affect human health. Therefore, they do not exceed toxicological reference values if the dosage and recommended period are followed (Chen and Zhang, 2010; Li et al., 2010 , Li et al., 2013 You et al., 2012; Fu et al., 2016; He et al., 2016) . Some studies have found that foods submitted to sanitization, bleaching, cooking, peeling or canning might contain reduced levels of pesticides Łozowicka et al., 2016) . In our study, the last application of fungicide was 30 days before the harvest. As a result, there was time for the applied products to dissipate. Thus, the period of application of the product until the harvest and/or consumption was respected to prevent the product being contaminated by pesticide residues.
Polyamine content in response to fungicides
Both cv. Flamenco and cv. Verona showed a significant interaction with the polyamine levels as a result of the application of fungicides and storage (0, 3 + 3 and 9 + 3 days) (Tables 1 and 2 ). The putrescine levels were higher soon after the harvest of both cultivars, with the highest content occurring in inflorescences of cv. Verona treated with boscalid (Table 2) . When these same cultivars did not receive any treatment, the putrescine levels at 12 days of storage (9 + 3) were similar to the ones found soon after the harvest. During the storage at 3 + 3 and 9 + 3 days, inflorescences of cv. Flamenco treated with fungicides showed higher spermidine content compared with the control. In contrast, cv. Verona treated with fungicide showed few variations in the spermidine level, except soon after the harvest (day 0) when boscalid was used. This result did not occur when we analyzed the spermine levels in cv. Verona. In cv. Flamenco, we did not detect histamine. In contrast, except in the control, the lowest content of this monoamine in cv. Verona was found after 12 days of storage when treated with fungicides. The values found for histamine in the cauliflowers did not exceed the level described as toxic (25 mg/meal/person) (Latorre-Moratalla et al., 2017) , and because consumption usually occurs after cooking, the levels would decrease even further due to the lixiviation of histamine in the cooking water. At 9 + 3 days of storage, cv. Flamenco treated with boscalid, pyraclostrobin and metiram showed high spermidine and spermine content (Table 1) . This result was similar for cv. Verona treated with M + P. Higher polyamine levels were also found in tomato (Solanum lycopersicum, cv. Saladinha) treated with metiram + pyraclostrobin (4.0 g L -1 ) (Guimarães et al., 2014) . These data may provide evidence that plants with high Spd and Spm levels could be less susceptible to the action of pathogens or abiotic stress and could thus improve their commercial durability. Both Spd and Spm have been described as one plant mechanism of protection against some stresses (Moschou et al., 2012; Guimarães et al., 2014; Zapata et al., 2017) . The accumulation of Spd and Spm in response to the application of fungicides can be a determining factor for maintaining the post-harvest quality. These amines could play a role in maintaining the ionic balance and in stabilizing the membranes (Sidana et al., 2015) and could also be directly or indirectly related to cellwall lignification and hardening (Amri and Shahsavar, 2010) , thus promoting a possible resistance to pathogens. The increased polyamine levels can induce programmed cell death (Walters, 2003) as a response to the pathogens' penetration. In necrotic areas of some infected tissues, an increased concentration of polyamines can be observed, especially in spermidine and putrescine as well as in enzymes that synthesize polyamines, such as ornithine decarboxylase and arginine decarboxylase (Torrigiani et al., 1997) , which could serve as a form of pre-defense against certain types of stress. In addition, polyamines can be oxidized via DAO and PAO, which generate H2O2, a signaling molecule related to programmed cell death. The amines' oxidase activity could be increased by the excess of polyamines during the regulation process. Some studies have demonstrated that induced resistance is directly associated with increased activity of amine oxidases (DAO and PAO) (Marini et al., 2001) and that, as H2O2 is generated during the oxidation, it might act as a free radical and impair the functions of both the plant and of the pathogen cells. Thus, an increase in the polyamine content in response to the application of fungicides can be beneficial as a form of protection, as was observed in this study. Early senescence was observed in some plants (mainly in the control), with dark spots in the inflorescences (Fig 1) , probably due to oxidative processes and fungal contamination. The use of fungicides was effective in maintaining the post-harvest quality of cauliflower, and the application of M + P + B extended the post-harvest visual quality for 12 days for cv. Flamenco. On the other hand, F + P was the most efficient treatment for cv. Verona, extending the longevity and visual quality, likely due to alterations in the polyamine levels. Polyamines may have contributed to this increase in longevity because they compete for the same common precursor of ethylene (Sadenosylmethionine) (Zapata et al., 2017) . Lower levels of ethylene could be beneficial in increasing post-harvest life.
Enzymatic activity
The fungicide treatment promoted a decrease of the POD and PPO activities in cv. Flamenco and cv. Verona (Table 3) compared to the control. The highest activity in cv. Flamenco, for both enzymes, occurred after three days of storage at room temperature (Table 3 ). In cv. Flamenco, the lowest activities were observed after the use of pyraclostrobin and metiram (M + P or M + P + B); however, the application of only boscalid did not induce the same responses. In contrast, cv. Verona without fungicide application (control) showed increased POD and PPO activities during storage. Lower activities of both enzymes were found in cv. Verona inflorescences treated with M + P + B (Table 3 ). These results demonstrate that the use of the fungicides can affect the enzymatic activity in both cultivars. Some studies have found evidence that the alterations in oxidative enzymes are a response to the application of fungicides (Teisseire and Vernet, 2001) . Generally, the increase in the activities of enzymes, such as POD, is related to a consequence of biotic or abiotic stress due to the formation of peroxides. Studies have shown that the application of fungicides can induce an increase in the enzymatic activities by generating an overproduction of ROS (Teisseire and Vernet, 2001) . In our study, the combination of M + P + B was efficient in avoid contamination by fungi; however, according to the enzymes analyzed, that combination did not promote enough stress to influence the post-harvest durability of the studied cauliflower cultivars. In our study, the combination M + P + B was efficient in the prevention of fungi and, according to the enzymes analyses, did not promote enough stress to influence in the postharvest durability of the studied cauliflower cultivars. We also analyzed the content of polyamines during the postharvest. Generally, these amines are oxidized and generate peroxides, thus promoting an increase in the peroxidase activity (Moschou et al., 2012) . However, we verified that there was no decrease in the polyamine levels and that peroxidase activity was low during storage, which could indicate a maintaining the quality, influenced by the application of fungicides, mainly the combination of M + P + B. According to the data, the application of fungicides contributed to increased resistance of the cauliflower inflorescences. The low enzymatic activity found in this study might mean that these plants present higher longevity and are less susceptible to deterioration after harvest.
Physicochemical characteristics and weight loss
Both cv. Flamenco and cv. Verona showed different behaviors with regard to weight loss and the physicochemical characteristics as a result of the fungicide applied (Tables 4, 5 and 6). There were no differences in the levels of soluble solids, titratable acidity (TA) and pH among the treatments for cv. Flamenco, which presented the lowest weight loss after treatment with B and F + P. In contrast, the lowest weight loss for cv. Verona occurred after the treatment with M + P (Table 4 ). Fungicides were not efficient, however, in preventing weight loss in the postharvest for both studied cultivars. Weight loss can be attributed to the increase of metabolic activity in the inflorescences -mainly due to the temperature action during storage. Zhan et al. (2014) found weight loss from 1.4 % to 1.8 % in cauliflower inflorescences stored at 7 °C. Higher losses (from 8.31 % to 11.66 %) were described by Brackmann et al. (2005) in cauliflowers at 0.5 °C, while Olarte et al. (2009) verified that these vegetables stored at 4 °C showed weight losses from 1.8 % to 10.1 %. At higher temperatures, as used in this experiment (10 °C ) or in environmental conditions (around 25 °C ) (simulated commercialization), higher water loss can occur by transpiration. In addition, temperatures above the recommended 10 °C can affect metabolic pathways, which are catalysed by enzymes, thus causing an early senescence. It is worth pointing out that the data were obtained from inflorescences, demonstrating that fungicides do not influence weight loss post-harvest. The lowest SS contents in cv. Verona (Table 5 ) occurred soon after the harvest with the application of F + P. Inflorescences of cv. Verona, regardless of treatment, showed an SS increase during the simulated commercialization. This result is possibly related to the mass loss during storage, together with physiological alterations found in the treatments with the application of fungicides, as found in tomatoes treated with pyraclostrobin + boscalid (Ramos et al., 2013) . However, the application of fungicides did not influence the SS content in cv. Flamenco, except at 3 + 3 days. Inflorescences of cv. Verona without fungicide treatment during the cultivation showed higher titratable acidity (TA) levels, except at 3 days in a cold chamber and 9 + 3 days (simulated commercialization) ( Table 5 ). Inflorescences cultivated under the application of M + P, showed lower pH soon after the harvest. During storage, there was a decrease of the pH regardless of the treatment used. However, inflorescences of cv. Flamenco showed no representative variations during storage, except for a slight increase in TA and a decrease in pH at 3 + 3 days (Table 5 ). Other studies have not shown the influence of fungicides in the TA (Domínguez et al., 2012; Ramos et al., 2013) . In tomato, the combination P + B applied in the pre-harvest did not affect the TA in relation to the control (Domínguez et al., 2012) . As in other quality characteristics that were analyzed, few studies have shown the influence of these agrochemicals in relation to vitamin C in cauliflower. The levels of vitamin C were higher soon after the harvest in both cv. Flamenco and cv. Verona (Table 6) . Ramos et al. (2013) verified that the pre-harvest application of P + B in tomato promoted an increase of 10.5 % in the vitamin C content. We verified this finding on the harvest day, with the highest vitamin C content being found in cv. Flamenco that had been treated with M + P + B (32.04 % higher than the control). However, at day 12, the vitamin C decrease was 67.52 %. In cv. Verona, the pre-harvest treatments influenced the vitamin C levels only at 6 and 9 days of storage. In addition to showing the lowest vitamin C content, cv. Verona, when compared to cv. Flamenco, presented the highest losses during the storage (around 81.73 %). For both studied cultivars, there was a decrease in the vitamin C during storage. After harvest, vegetables tend to begin senescence; consequently, they present a decrease in the content of some compounds, including the vitamin C. Many studies have attributed this vitamin C decrease to degradation by oxidative enzymes (Zhan et al., 2014; Huang et al., 2017) . Plants' metabolism can be redirected by the application of fungicides (Köhle et al., 2002) , and these modifications are reflected in the pre-harvest characteristics, such as extended Table 1 . Effect of fungicides on polyamines content (mg kg -1 FW) of cauliflower cultivar Flamenco at different post-harvest times.
Polyamines
Treatments DPH C B F + P M + P M + P + B Putrescine 0 13.7 ± 1.1 Aa* 7.4 ± 0.5 Ba 7.6 ± 0.4 Ba 7.5 ± 0.7 Ba 7.3 ± 0.2 Ba 3 + 3 6.6 ± 0.5 Ab 4.2 ± 0.4 Cc 4.7 ± 0.2 BCb 5.3 ± 0.7 ABCb 5.7 ± 0.5 ABb 9 + 3 7.5 ± 0.4 Ab 5.4 ± 0.7 Bb 5.1 ± 0.5 BCb 4.0 ± 0.6 Cc 3.9 ± 0.3 Cc Spermidine 0 17.1 ± 1.1 Cb 15.4 ± 0.4 Cb 17.4 ± 0.5 Cb 30.9 ± 1.7 Ac 23.8 ± 0.7 Bc 3 + 3 30.6 ± 1.6 Ca 39.2 ± 1.5 Aa 37.8 ± 1.4 ABa 37.0 ± 0.6 ABb 33.9 ± 2.7 BCb 9 + 3 28.4 ± 0.9 Ca 40.1 ± 1.2 Aa 34.4 ± 3.0 Ba 41.8 ± 2.9 Aa 41.3 ± 5.0 Aa Spermine 0
2.6 ± 0.4 Bc 4.4 ± 0.6 ABc 5.2 ± 0.3 Ab 6.4 ± 1.1 Ac 5.2 ± 0.6 Ac 3 + 3 12.2 ± 1.4 Da 17.5 ± 0.6 Ab 16.0 ± 0.7 ABa 14.9 ± 0.8 BCb 12.7 ± 1.7 CDb 9 + 3 9.6 ± 1.6 Db 19.9 ± 1.3 Ba 13.8 ± 1. commercial quality, water retention and increased protein and vitamin content. However, as verified in the physicochemical parameters discussed above, these effects were not evident in cultivar Flamenco and Verona after storage and simulated commercialization. Physicochemical characteristics are intrinsic to each cultivar and independent of the applied handling, which could explain the results obtained in cv. Verona, showing that the plant's vigor is related to a higher response to the agrochemicals.
Materials and Methods
Plant material, experimental treatments and growth conditions
The experiment was performed using two cauliflower cultivars (cv.) Both cultivars presented the same cycle but with different genetic characteristics. After soil analysis, the fertilization was performed according to May et al. (2007) , using 84 kg N, 294 kg P2O5 and 168 kg K2O per hectare for both cultivars. Both cultivars were seeded (one seed per cell) in commercial trays of expanded polystyrene (128 cells) in a greenhouse and using commercial substrate (Tropstrato ® HA Hortaliças, Brazil). After 30 days, the seedlings (four true leaves, without foliar diseases) were transplanted to the field at 0.6 m x 0.4 m (rows x line) (41,666 plants ha -1 ). The planting was performed in an open field and irrigated by a sprinkling system when necessary (approximately 7 mm day -1 ). The weed control was done manually using hoes. During the experiment, five treatments were applied using four different fungicides or combinations of fungicides and one control (not pulverized), (i.e., control -without fungicide), boscalid (Cantus ® ) (0.3 g L -1 ), pyraclostrobin + fluxapyroxad (Orkestra ® SC) (0.3 mL L -1 ), metiram + pyraclostrobin Cabrio ® Top (3.0 g L -1 ) and metiram + pyraclostrobin + boscalid (Cantus ® (0.3 g L -1 ) + Cabrio ® Top (3.0 g L -1 )). The treatments were applied to the seedlings 18 days after sowing and at the beginning of cauliflower flowering in the field (30 days before harvest) for both cultivars.
Cauliflower harvest and storage
The inflorescences were harvested 102 days after the sowing. The harvest time was defined when the inflorescence was compact and with a transversal diameter ≥ 15 cm. After the harvest, the inflorescences were stored for 9 days in cold room (10 ± 2 °C and 92 ± 2 % RH). Every three days (i.e., on days 3, 6, and 9), part of the inflorescences were removed from the cold room and kept for three more days at room temperature to simulate commercialization, establishing the following days of analysis 0, 0 + 3, 3 + 3, 6 + 3 and 9 + 3 (storage + simulated commercialization). The analyses of enzymatic activity, weight loss and physicochemical characteristics were performed in each treatment at the moment of the harvest (day 0) and at 0 + 3, 3 + 3, 6 + 3 and 9 + 3 days. The polyamines were determined in three storage periods (0, 3 + 3 and 9 + 3 days). The inflorescences (eight per treatment) were ground and frozen by liquid nitrogen and stored at -80 °C until analysis.
Experimental design
The experimental design was completely randomized in a 5 x 5 factorial scheme, with 5 treatments (control -without fungicide, boscalid, pyraclostrobin + fluxapyroxad, metiram + pyraclostrobin and metiram + pyraclostrobin + boscalid) and five times of storage (0, 0 + 3, 3 + 3, 6 + 3 and 9 + 3 days of storage + simulated commercialization), with 4 replications composed by two inflorescences. Cultivar Flamenco and Verona have different biometric and genetic characteristics; thus, the results were separately analyzed and discussed according to the treatments and periods for each cultivar.
Analyses
Determination of polyamines
The inflorescences were frozen by liquid nitrogen and stored at -80 °C until analysis. The polyamines putrescine (Put), spermidine (Spd), spermine (Spm) and histamine (His) were extracted and isolated according to Lima et al. (2008) and analyzed according to Ferreira et al. (2016) .
Enzymatic activity
In order to determine the polyphenoloxidase (PPO, EC 1.14.18.1) and peroxidase (POD, EC 1.11.1.7) activity, 200 mg of the fresh inflorescence was homogenized in 0.2 M potassium phosphate buffer (pH 6.7) and subsequently centrifuged (6000 g, 20 min at 4 °C) (Mikro 220R, Hettich Zentrifugen, Tuttlingen, Germany). The PPO activity was determined according to Lee et al. (1990) and expressed in units/g. The peroxidase activity were evaluated as described by Lima et al. (1999) and the results expressed in μmol H2O2 min -1 g -1 FW. All the readings were performed with a spectrophotometer UV-VIS (Ultrospec 2000, Amersham Pharmacia Biotech, Freiburg, Germany).
Presence/absence of fungicides
Dry samples were ground in a mill and subjected to the extraction process with n-hexane. The fungicides were qualitatively identified using thin layer chromatography (TLC) (20 x 20 plate, 0.25 microns, 60 G, fluorescent), according to Moraes et al. (1991) . The results were compared with the standards (Rf).
Weight loss
Cauliflower samples were weighed at harvest day (day 0), and the differences between days 3, 6, 9 and 12 were considered as weight loss (WL) and expressed as a percentage (IAL, 2008) .
Evaluations of physicochemical characteristics
The physicochemical analyses were carried out according to the analytical recommendations of the Instituto Adolfo Lutz (IAL, 2008) . Vitamin C content was determined using 10 g of frozen inflorescences homogenized with 10 mL of oxalic acid and 2,6-dychlorophenol-indophenol. The soluble solids were analyzed by digital refractometer (Atago model, PAL-1). The titratable acidity (TA) was determined using aliquots of 10 g of inflorescences, titrated with 0.1 mol L -1 NaOH to pH 8.1 and expressed in a percentage of citric acid. The pH was determined by digital potentiometer (ION model, pHB-500 ).
Statistical analysis
The analyses were carried out in triplicate (n = 3). The results were expressed as a mean ± SE. The obtained data were submitted to the variance analysis for comparison among the treatments and storage periods. For the variation sources, in which the F test indicated significance, the Tukey test was used. All the analyses were performed at the level of 5 % of significance.
Conclusion
This study found that fungicides have the potential to improve the post-harvest storage life and visual quality of cauliflowers. Results were dependent of the fungicide applied, although for cultivar Flamenco and Verona, the treatments M + P + B and F + P were the most efficient, respectively. Considering the parameters analyzed, we hypothesized that high Spd and Spm levels in treated samples are related to the post-harvest quality, when the activity of PPO and POD enzymes, which is associated with senescence, is similar to control. These findings may be useful as part of a strategy for fungal control in fields and for improving the post-harvest quality and shelf life of cauliflowers.
